Human infants' ability to perceive touch in external space develops postnatally
Jannath Begum Ali 1,2 , Charles Spence 3 , and Andrew J. Bremner 1 Arriving in the outside world, the newborn infant has to determine how the tactile stimulation experienced in utero relates to the spatial environment newly offered up by vision, hearing and olfaction. We investigated this developmental process by tracing the origins of the infl uence of external spatial representation on young infants' orienting responses to tactile stimuli. When adults cross their hands or feet they typically make more tactile localization errors than otherwise, and this has been attributed to the confl icts between skin-based and external frames of reference and/or the usual and current locations of touches in external space [1, 2] . Here, we report that a group of sixmonth-olds, like adults, showed a tactile localisation defi cit with their feet crossed, indicating external spatial coding of touch; in striking contrast, four-montholds outperformed the older infants showing no crossed-feet defi cit. Thus, in the fi rst months of life, infants perceive touches solipsistically, and only come to locate them in the external world after signifi cant postnatal experience.
A widely accepted account of perceptual development posits that putatively amodal aspects of the environment, including spatial location, are readily available to perception from birth [3, 4] . Until now, research on tactile spatial perception with young human infants has, consistent with that view, shown that even in early infancy manual responses to touch are infl uenced by the posture of the limbs in external (visual) space [5] . Less consistent, however, is research showing that congenitally blind adults, even if sight has been restored around the second birthday [6] , show no crossed hands defi cit, in contrast with late blind or sighted participants [7] . This suggests a sensitive period in early life in which visual experience is required for the typical development of external spatial representations of touch.
We investigated whether the external spatial coding of touch may emerge in postnatal development before the youngest age at which a crossedhands effect has been observed (six months [5] ). Reasoning that the effects of visual experience on tactile spatial representation are likely mediated by the onset of successful reaching at around fi ve months of age, we predicted that six-month-olds would show a crossing effect whereas fourmonth-olds would not. Because of the diffi culties inherent in crossing young infants' arms, we examined responses to tactile stimuli on the feet across both crossed-and uncrossed-feet postures ( Figure 1A ). Crossed-feet effects have been observed in adults [1] , and it is known that infants gain visual-tactile experience by reaching with their feet as well as their hands [8] . We measured tactile localisation by observing across several trials whether the fi rst foot movement following a vibrotactile stimulus was made with the stimulated or unstimulated foot [5] .
We computed the proportion of total foot orienting responses which infants made with the foot receiving the tactile stimulus, that is, Correct unilateral responses/Total number of responses ( Figure 1B) . A 2 (Posture: uncrossed/ crossed) x 2 (Age: four-month-olds/ six-month-olds) mixed analysis of variance (ANOVA) of this score revealed a Posture x Age interaction that qualifi ed main effects of Age and Posture. Four post-hoc comparisons (Figure 1 ) demonstrated, fi rst, that six-month-olds showed reliably better localization in the uncrossed than in the crossed posture condition, whereas the four-montholds performed equivalently across conditions; and second, that there was equivalent performance between the age groups in the uncrossed posture, but the four-month-olds signifi cantly outperformed the six-month-olds in the crossed posture.
The mean latencies of the infants' foot responses ( Figure S1 in the Supplemental Information) were entered into a mixed 2 (Posture: uncrossed/ crossed) x 2 (Age: four-month-olds/ six-month-olds) ANOVA, which revealed only a main effect of Age ( Figure S1 ), in which the four-month-olds responded Correspondence Current Biology 25, R965-R979, October 19, 2015 ©2015 Elsevier Ltd All rights reserved R979 more rapidly than the six-month-olds. Given the four-month-olds' faster responding, we considered whether their orienting responses might be more refl exive than those of the six-montholds by comparing the prevalence of The post-hoc comparisons described in the main text ( was p = 0.0125) revealed that the six-month-olds were more accurate at localising in the uncrossed than in the crossed condition, t(12) = 3.3, p = 0.007, d z = 1.21, whereas the four-month-olds performed equivalently across conditions, t(16) = 0.4, p = 0.690, d z = 0.12. There was no difference between ages with uncrossed feet, t(28) = 0.4, p = 0.730, d = 0.07. However, the four-month-olds outperformed the six-month-olds with crossed feet, t(28) = 3.0, p = 0.006, d = 1.08. One-sample ttests (two-tailed) revealed that the four-montholds performed reliably above chance (0.5) with both uncrossed, t(16) = 4.5, p < 0.001, d = 2.23, and crossed feet, t(16) = 5.8, p < 0.001, d = 2.86. The six-month-olds only performed above chance with their feet in the uncrossed posture, t(12) = 6.7, p < 0.001, d = 3.86 (crossed: t(28) = 0.4, p = 0.5, d = 0.24). Signifi cant comparisons are indicated (* = p < 0.05, ** = p < 0.01, *** = p < 0.001). responses which comprised gross withdrawal movements or more fi ne (exploratory) movements (all responses were coded as one or the other; see Supplemental Experimental Procedures). Gross withdrawal responses contributed statistically equivalent proportions across both four-and six-month-olds (M = 0.12, SD = 0.11 and M = 0.12, SD = 0.09, respectively), t(28) = 0.01, p = 0.99, d = 0.0.
Thus, the infl uence of external spatial coordinates on tactile localization emerges between four and six months of age during human infancy. At six months, infants were less accurate in their orienting responses to vibrotactile stimuli on the feet when their limbs were in unusual spatial positions. In contrast, the four-month-olds showed no infl uence of the location of a touch in the environment on tactile orienting accuracy. They matched the best performance of the six-month-olds across both postures, outperforming the older infants in the crossed-feet posture. These striking fi ndings indicate that, early in the fi rst year, human infants exist in a state of tactile solipsism, perceiving touches only in relation to anatomically defi ned coordinates. An early inability to appreciate the spatial interface between the body and the outside world places strong constraints on early knowledge of the physical environment, demonstrating that early spatial representations are not amodal [3, 4] .
By six months of age, an appreciation of the location of touches in external space leads to poorer performance when the limbs are crossed. Furthermore, the six-month-olds were also slower to respond to touches on their feet whatever the posture of their legs. This decline in response speed is consistent with an account of representational change in which more processing time is needed to locate a tactile stimulus on the body and in external space than on the body alone [9] , but is inconsistent with accounts appealing to developmental increases in either automaticity of external spatial coding, or prior expectations concerning the external location of the limbs (see Supplemental Information). These declines in accuracy and speed are only temporary set-backs though. Children and adults continue to show crossed-limb defi cits in some contexts [1, 2, 8] , but in the simple task of orienting manually to the location of an isolated touch, 10-month-olds are able to adapt to changes in the posture of the limbs, responding at similar response latencies to the four-month-olds [5, 10] .
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